The variable reluctance (VR) resolver is usually used to measure the shaft angle of motor. A novel VR resolver with asymmetric teeth on the stator is proposed to achieve the minimal number of active teeth and eliminate the amplitude imbalance of the output voltages of SIN and COS coils by bringing the fifth compensating tooth. The structure and the total output voltages of signal windings are explicated theoretically in detail. The topology of such a machine just requires 2D finite element analysis (FEA) to accurately predict the machine performance. Results of FEA and principle of VR resolver with asymmetric teeth are in good agreement, and several special relevant problems are studied. Finally, experimental results validate the theoretical analysis and FEA of the proposed VR resolver.
Introduction
When vector control, direct torque control, and other control strategies are applied in AC governor system with high dynamic performance, the rotor angular position is required necessarily [1] [2] [3] [4] . As electromagnetic rotor position sensor of motor, variable reluctance (VR) resolver, which has simple structure, small axial dimension, high reliability, high amplitude of output voltage, low cost, and relatively high precision, is widely used to realize commutation and control algorithms in numerous applications especially in electric vehicle [5] [6] [7] [8] [9] [10] .
The conventional VR resolver adopts the sophisticated sinusoidal distributed windings placed on the stator and has slots in both stator and rotor to output two quadrature signals [11] . However, the turns of reference winding and signal windings should be an integral number, and thus the angle measurement accuracy will be reduced [12, 13] . Therefore, the novel VR resolver has concentrated windings used for SIN and COS coils and rotor with several salient poles to induce voltages containing the information of the rotor angle [14] [15] [16] . Several researches also focus on the resolver models and new-type resolver [17, 18] .
Usually, for a conventional 4 pairs of pole VR resolver, the number of teeth on stator is selected as at least 8 or the integer multiple of 8. Unfortunately, when VR resolvers are applied in a small and narrow space; for example, when the stator diameter is less than 30 mm, it is of great difficulty to insert coils because thin copper wires are too fragile and the space inside the resolver for inserting coils manually is too limited to accomplish accurately and conveniently. Thus, a novel VR resolver with asymmetric teeth on the stator, which has a minimal number of active teeth and the simplest structure, is proposed to reduce the size and cost of the device while simplifying its construction without loss of accuracy.
This paper is organized as follows. Firstly, the construction and work principle of novel VR resolver with asymmetric teeth on the stator are introduced in Section 2. The expressions of air-gap permeance and the output voltages of signal windings are deduced. Section 3 shows results of FEA to validate the analysis of novel VR resolver with asymmetric teeth. Related problems including the difference between SIN and COS compensating coils and arbitrariness of the location chosen for the compensating tooth are emphasized. The prototype and test bench are developed based on the analysis and computation results above; the performance of VR resolver with asymmetric teeth is investigated in Section 4, including the output voltages of signal windings and zero-error. Conclusions are summarized in Section 5. 
Principle of Novel VR Resolver with Asymmetric Teeth on the Stator

Structure of VR Resolver with Asymmetric Teeth.
The novel variable reluctance resolver, which is completely different from conventional multipole VR resolver, has reference winding and signal windings placed on the stator and several salient poles on the rotor. Thus, due to salient pole effects, with the rotation of the rotor, the inductance of signal windings varies, and the voltages of SIN and COS coils, which contain the information of the rotor angle, can be induced. When the rotor rotates one revolution, the period number of the output signals will be the same as the rotor salient pole number. Normally the higher the rotor pole number is, the more position accuracy the VR resolver can achieve. The stator pole number should be the times of four to form two symmetrical phases. Moreover, the reference coils are connected in series to form poles. The polarity of coils will be positive/negative alternatively. In order to make the teeth number be the minimum, four active teeth with reference windings are put on the stator. Another fifth asymmetric tooth, nonactive, is proposed to eliminate the average component from the induced voltage. The SIN signal should be always in quadrature with COS signal, that is, the SIN winding and the COS winding must be mechanically displaced 90 electrical degrees from each other in the stator. And, the principle of slot-pole combination of VR resolver should be followed strictly. As a result, the number of teeth on the stator is selected as five; the rotor pole number is chosen as four and the angle-interval of the neighboring tooth on the stator should be 67.5 mechanical degrees. The structure of novel VR resolver with asymmetric teeth on the stator is shown as Figure 1 .
It can be seen that the reference windings and the signal windings are placed together in the stator, and the polarity of reference windings and SIN and COS coils are positive/negative alternatively. GCAACGGATCATCATGTAA The two concentrated coils, called compensating coils, are placed on the compensating tooth and, respectively, connected with SIN and COS coils in series. The stator is not complex and can be manufactured by simply using normal silicon steel and concentrated coils. To form the salient poles more precisely, the rotor may be a little more complicated to be fabricated by wire-electrode cutting. Thus, the novel VR resolver is named as VR resolver with asymmetric teeth for the reason that the angle-interval between the first four neighboring slots is 67.5 mechanical degrees and the fifth is 90 mechanical degrees. The shape of the compensating tooth is just like the other four teeth, and the main difference is that there is no reference winding on it.
Analysis of the Air-Gap Permeance of VR Resolver with
Asymmetric Teeth. The air-gap permeance waveform determines the output voltage waveforms of SIN and COS coils directly. Invariably, the magnetic flux closes along the path where the permeance is the maximum. The main magnetic circuit contains stator yoke, stator teeth, rotor, and air-gap. So, analysis of the permeance under four active teeth should be taken as the principal thing.
According to the general analysis method for a VR resolver, the higher harmonics can be neglected [14] ; thus, the permeance versus rotor-position angle can be expressed as follows:
where Λ 0 is the average permeance, Λ 1 is the amplitude of the fundamental component, is the rotating angle, is the salient pole pair number of the rotor, is the mechanical degree of the neighboring tooth, and is the number of the stator teeth. For example, the number of the teeth at the top is 1, and then other teeth are numbered by a counterclockwise rotation. Thus, the sum of the air-gap permeance can be expressed as:
Therefore, the sum of the air-gap permeance remains unchanged when the rotor rotates. Then, the reactance of the reference winding is a constant, and the amplitude of the induced voltage of reference winding which is excited by a constant voltage power supply is invariable so that no error will be brought in.
On the condition that reference winding is excited by a constant voltage power supply, the following equation should be followed when calculating the sum of the magneto motive force:
where
Φ is the sum of the air-gap magnetic flux. Then, the air-gap magnetic flux of each tooth can be expressed as:
where Φ 0 is the average magnetic flux and Φ 1 is the amplitude of the fundamental component.
Analysis of the Output Voltages of SIN and COS Coils.
To simplify the problem, it is assumed that (1) the permeance of stator and rotor iron are infinite; (2) the iron losses are omitted.
The output voltage of SIN coil will turn out to be
where is the turns of each SIN coil, which is the concentrated coil like the reference winding, is the frequency of the reference signal, and cos represents the N/S polarity of reference coils.
Just like the air-gap permeance and the magnetic flux, the output voltage of SIN coil contains average component and fundamental component. The average component, which only varies with time and without the rotation of the rotor, is expressed as:
Nevertheless, the average value of signal windings cannot be neglected because of the following reasons.
(1) The reference winding and signal windings are put together on the stator tooth and magnetic coupling exists inevitably.
(2) There will be direct coupling between the windings due to the stray capacitance effect.
(3) The slot leakage flux will induce voltages irrelevant to the position signal.
(4) The magnetic circuit of VR resolver with asymmetric teeth is typically asymmetrical.
(5) The compensating effect of the signal windings in series will be little in that there exists only four active teeth.
Therefore, the average component of SIN coil should be revised as:
where is the voltage coefficient of SIN coil and can be calculated by FEA.
The fundamental component will turn out to be
Thus, the output voltage of SIN coil could be expressed in a more distinct way as:
Similarly, the output voltage of the COS coil will turn out to be
where is the turns of each concentrated COS coil and is the voltage coefficient of COS coil and can also be calculated by FEA. It can be clearly seen from (9) and (10) that the output voltages of VR resolver with asymmetric teeth contain average component and fundamental component. The average component will definitely cause function error and amplitude imbalance when the resolver measures the angle of the rotating shaft. Therefore, the output voltages of VR resolver with asymmetric teeth must be in series with compensating coils to eliminate the average value and obtain higher precision.
Analysis of the Total Output Voltages of Signal Windings.
To simplify the issue, it is assumed that the magnetic flux in the air-gap under the compensating tooth is zero because there is no reference winding placed on it.
Then, based on the principle of continuity of magnetic flux, at any time, the algebraic sum of the magnetic flux in the compensating tooth and the other four active teeth should be zero.
Thus, the magnetic flux in the compensating tooth will turn out to be
Mathematical Problems in Engineering The average component of the output voltage of the SIN compensating coil can be expressed as:
where is the turns of the SIN compensating coil. The function of the compensating coils is to eliminate the average value from the induced voltages of SIN and COS coils, and the turns of compensating coils can only be calculated by FEA accurately.
The fundamental component of output voltage of the SIN compensating coil will turn out to be 
Thus, by connecting the SIN coil with the SIN compensating coil in series, the total output voltage will be
Similarly, the total output voltages of the COS coil and the COS compensating coil will be = + = 8.88
Obviously, after the compensating tooth and compensating coils are proposed, the total output voltages of the signal windings will only contain fundamental component and vary with the rotation of the rotor strictly, which can naturally obtain a higher precision to a great extent. This is the principle of novel VR resolver with asymmetric teeth on the stator. 
Finite Element Analysis
FEA is used to simulate the performance of novel VR resolver with asymmetric teeth on the stator. The calculation time instant is related to exciting frequency and number of samples. The specification of novel VR resolver with asymmetric teeth is shown in Table 1 .
Calculation of Air-Gap Permeance.
The output voltages of signal windings depend on the air-gap permeance waveform. So, the calculation of air-gap permeance should be in the first place. Figure 2 shows the waveform of air-gap permeance beneath the first tooth. The harmonic components are shown in Figure 3 , and the total harmonic distortion (THD) is 1.84%.
Results of the calculation of permeance validate the analysis of the air-gap permeance of VR resolver with asymmetric teeth on the stator. Figure 4 presents the magnetic flux distribution in the VR resolver with asymmetric teeth at 2.5 s. It can be clearly seen from Figure 4 that the main magnetic circuit is asymmetrical, which will induce null voltages irrelevant to the position signal in the output windings to some extent. There exists a little amount of the slot leakage flux compared with the main flux and no magnetic flux under the compensating tooth. The magnetic flux density is shown in Figure 5 , and the flux density is relatively low, which will not cause saturation in the stator and rotor. The magnetic flux density in the compensating tooth is lower than the other four teeth as a result of no reference winding on it.
Calculation of the Total Output Voltages of Signal Windings.
The total output voltages of signal windings are almost equal between the positive and negative half of voltage cycle, as presented in Figure 6 . After bringing the compensating tooth, the average value and amplitude imbalance can be reduced significantly and the precision will be improved effectively. Figure 7 shows the envelope curve and harmonic components of total voltage of SIN winding. Figure 8 displays the envelope curve and harmonic components of total voltage of COS winding.
Calculated results of the total output voltages of signal windings are shown in Table 2 . Total SIN winding here includes SIN coil and SIN compensating coil and so does total COS winding.
It can be seen from Table 2 that the average value of voltage of total SIN winding and that of total COS winding are different because the turns of SIN and COS compensating coils are not equal. It should be noted that the average components can never be zero because the turns of the compensating coils should be an integral number. The explanation for the reason why SIN and COS compensating coils are not equal will be demonstrated in Section 3.3.
Explanation for the Difference between SIN and COS
Compensating Coils. The turns of SIN compensating coil equal 17 and that of COS compensating coil are 42, as shown in Table 1 . Figure 9 presents the magnetic flux density in the compensating tooth versus radial displacement along the symmetric line of compensating tooth. It is supposed that the magnetic flux in the air gap under the compensating tooth should be zero. The magnetic flux density in the compensating tooth varies with displacement along the symmetric line of compensating tooth. The amplitude of magnetic flux density will increase when the radial displacement is closer to the stator yoke. The turns of COS compensating coil is more than that of SIN compensating coil because COS compensating coil is farther away from the stator yoke.
Arbitrariness of the Location Chosen for the Compensating
Tooth. Based on the principle of continuity of magnetic flux, expression (11) shows that the magnetic flux in the compensating tooth is irrelevant to the location of the fifth tooth. Therefore, the location chosen for the compensating tooth is arbitrary. Two typical examples are researched to validate the analysis above. Figure 10 shows the construction and output voltages of signal windings of one example which the angleinterval between the fourth tooth and compensating tooth is 90 mechanical degrees. The structure and output voltages of signal windings of another example which the angle-interval between the fourth tooth and fifth tooth is 78.75 mechanical degrees are shown in Figure 11 . 
Experiment and Error Analysis
4.1. Prototype. Based on the analysis and computations above, a prototype has been made as shown in Figure 12 , with four active teeth and one nonactive tooth on the stator and four salient poles on the rotor. Figure 13 presents the test bench for output voltages of signal windings measurement. The stator was fixed on the support, and the rotor was rotating with the shaft fixed on the turntable, and thus their relative positions can be changed. The output voltages of signal windings are measured by TEK oscilloscope, as shown in Figure 14 . The experimental results prove the validities of the analysis and results of FEA above. Figure 15 shows the zero-error within a mechanical cycle which is measured by highprecision digital grating optical dividing head.
Output Voltages of Signal Windings Measurement.
Zero-Error Measurement.
It can be seen that the maximum zero-error of SIN winding is ±0.66 ∘ and that of COS winding is ±0.71 ∘ . The zero-error changes in a zigzag fashion at different zero positions because noneffective voltages exist in output signals. Compared with electrical error computed by FEA, results of the experiment is larger for the reason that it is difficult to make the stator and rotor absolutely concentric in the experiment. 
Conclusions
The following conclusions can be drawn from the analysis of the novel VR resolver with asymmetric teeth on the stator.
(1) The fifth asymmetric tooth, nonactive, called compensating tooth, plays a pivotal role in the new topology of VR resolver. The induced voltages of compensating coils can eliminate the average value from the voltages of SIN and COS coils so that the precision will be improved substantially.
(2) The calculated electric error of the proposed VR resolver can approach ±0.7 ∘ . Several relevant special issues caused by special construction are researched in detail. Computations of FEA are consistent with the principle analysis of the proposed VR resolver.
(3) Experimental results show that the novel VR resolver has equivalent precision (±0.5 ∘ ) compared with the same type of conventional top VR resolvers. However, it is confirmed that the novel VR resolver with asymmetric teeth on the stator is advantaged with reliability and cost due to the simple manufacturing process and structure of stator. It is more cost effective, so, as position sensor, it is very useful for low cost drives or electric vehicles.
